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Abstract
We present a phenomenological analysis of the strong couplings of the
negative-parity L = 1 baryons from the perspective of the large-Nc expansion.
In the large-Nc limit the mass spectrum and mixing pattern of these states
are constrained in a very specific way. The mixing angles are completely de-
termined in this limit, with predictions in good agreement with experiment.
In the combined large-Nc and SU(3) limits the pion couplings of the five
negative-parity octets to the ground state baryons are given in terms of only
3 independent couplings. The large-Nc predictions for the ratios of strong
couplings are tested against experimental data.
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I. INTRODUCTION
The large-Nc expansion [1] proved to be a valuable guide for a qualitative and even
quantitative understanding of gauge theories. In the past few years its application to baryons
in QCD pioneered by Witten [2,3] has been substantiated and greatly expanded in a series
of papers by Dashen, Jenkins and Manohar (DJM) and others [4,5] (and references cited
therein).
In a recent paper [6] we studied the strong couplings of the orbitally excited baryons in the
framework of the large-Nc expansion, extending the results obtained by DJM in the s-wave
sector. The general structure of the pion couplings to these states has been derived from a
set of consistency conditions which follow from requiring the total scattering amplitude to
satisfy the Witten scaling rules. The analysis presented in [6] assumed only isospin symmetry
and was for the most part limited to baryons containing only u and d quarks. The present
paper is a continuation to [6] and its aim is two-fold: first, to extend the results of [6] by
incorporating SU(3) symmetry and second, to present a phenomenological analysis of the
existing experimental data from the perspective of the large-Nc expansion.
In Section II we demonstrate that the combined large-Nc and SU(3) limits of QCD
provide very strong constraints on the structure of the mass spectrum and mixing pattern of
the L = 1 light baryons. A set of relations are derived among strong transition amplitudes
between p-wave and s-wave baryons in Sec.III which are then compared against available
experimental data. These relations are shown explicitly to agree with those derived in the
quark model with arbitrary number of colors in the limit Nc →∞. For Nc = 3 they reduce
to the usual SU(6) predictions of the quark model [7,8]. However, the large-Nc approach
turns out to be both less and more predictive than the SU(6)-based. On the one hand it
predicts well-defined values for the mixing angles (which are left completely arbitrary in the
quark model) but on the other hand, due to the small value of the number of colors in the
real world, its applicability to the decuplet states is limited. One of the large-Nc relations
among S-wave pion couplings appears to be badly violated and we discuss a few possible
explanations, one of which involves a different quark model assignment for the observed S11
states. We summarize our conclusions in Sec.IV.
II. SU(3) SPIN-FLAVOR STRUCTURE OF THE EXCITED BARYONS
The structure of the baryon spectrum in the large-Nc limit can be obtained by examining
the symmetry properties of the states under permutations of two quarks. The ground
state s-wave baryons transform according to the completely symmetric representation of
the permutation group shown in Eq.(2.1). For baryons containing two flavors this means
that their spin-flavor wavefunction must transform like the totally symmetric representation
of SU(4), which is decomposed into representations of SU(2)isospin × SU(2)spin with I =
J . The analogous decomposition of the totally symmetric representation of SU(6) into
representations of SU(3)flavor×SU(2)spin, relevant for the baryons containing 3 light flavors
is shown in Eq.(2.1). For Nc = 3 this representation contains the familiar spin-1/2 octet
and the spin-3/2 decuplet baryons.
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The spectrum of the p-wave baryons can be obtained in a similar way from symmetry
considerations. In the real world with Nc = 3 the spin-flavor wavefunction of the L = 1
light baryons transforms according to the mixed symmetry representation 70 of SU(6). Its
decomposition into spin-flavor multiplets takes the form [9]
= (1 , S =
1
2
)⊕ (10 , S = 1
2
)⊕ (8 , S = 1
2
)⊕ (8 , S = 3
2
) . (2.2)
After adding the orbital angular momentum L = 1 the resulting states reproduce the ob-
served spectrum of the p-wave light baryons [13].
We would like in the following to construct the generalization of this procedure to the
case of arbitrary Nc. The corresponding representation of SU(6) is obtained by adding
additional boxes to the first line of the Young diagram. Its decomposition under the flavor-
spin SU(3)×SU(2) subgroup can be obtained as described in [6] for the corresponding SU(4)
representation. One starts with the product of SU(6) representations
Nc−1︷ ︸︸ ︷· · · ⊗ =
Nc︷ ︸︸ ︷· · · ⊕
Nc−1︷ ︸︸ ︷
· · · (2.3)
The decomposition of the symmetric representation on the left-hand side is known from
Eq.(2.1). Subtracting from the product on the left-hand side the representations of
SU(3)×SU(2) corresponding to the symmetric representation on the right-hand side we
obtain
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· · · =
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2
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,
3
2
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5
2
)
(2.4)
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2
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2
,
3
2
)
+ · · ·+


Nc︷ ︸︸ ︷· · · , S = Nc
2
− 1

+


Nc−1︷ ︸︸ ︷
· · · , S = Nc
2
− 1, Nc
2

 .
The physical multiplets with well-defined spin J are obtained by adding the orbital
angular momentum ~J = ~S + ~L with L = 1.
The first three SU(3) representations on the right-hand side of (2.4) correspond for
Nc = 3 to 1, 10 and 8 respectively. The others are new and appear only for Nc > 3. Their
isospin content for each value of the strangeness number K = ns/2 can be read off from the
corresponding weight diagrams and is given below for the first few representations.
3
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→ (K = 1
2
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1
2
,
3
2
) + · · · . (2.8)
All the other SU(3) multiplets in (2.4) contain, for K = 0, isospin multiplets with I ≥ 2.
Let us consider now in turn the sectors with different values of the strangeness number
K = ns/2.
A. K=0
We list in Table 1 the lowest-lying K = 0 p-wave light baryons containing only u, d
quarks. They are contained in the SU(3) representations (2.5,2.6,2.7) which will be called
in the following 1, 10 and 8 respectively, corresponding to their dimension for Nc = 3.
State (I, JP ) ∆ (I, S) (SU(3), SU(2))
N(1535) (1
2
, 1
2
−
) 1 (1
2
, 1
2
) (8, 2)
N(1520) (1
2
, 3
2
−
)
N(1650) (1
2
, 1
2
−
) 0
N(1700) (1
2
, 3
2
−
) 2 (1
2
, 3
2
) (8, 4)
N(1675) (1
2
, 5
2
−
)
∆(1620) (3
2
, 1
2
−
) – (3
2
, 1
2
) (10, 2)
∆(1700) (3
2
, 3
2
−
) –
Table 1. The p-wave light baryons containing only u, d quarks and their quan-
tum numbers.
The entries in the last three columns of this table require some explanation. Usually
these states are labeled by the quark model quantum numbers (I, S), the total isospin
and spin of the quarks. The assignments shown in Table 1 for this quantum number are
the conventional ones [13]. Of course, in Nature S is not a good quantum numbers and the
physical eigenstates of (I, J) are linear combinations of states with different values of S. This
mixing is usually considered to have a dynamical origin and is treated in a phenomenological
way.
The large-Nc treatment of these states discussed in [6] suggests a different picture. In
this approach the physical states are classified into towers of states, each labelled by a spin
vector ∆. The members of a given tower have quantum numbers (I, J) which are constrained
by the condition |I − J | ≤ ∆ and are degenerate in the large-Nc limit. 1/Nc corrections will
in general remove this degeneracy and will split the states of the tower.
The connection between the tower states and the (I, S) quark model states has been
given in [6] for states containing only u and d quarks (Eq.(3.23) in [6])
4
|I, (PL)∆; Jmα〉 = (2.9)
(−)I+P+L+J∑
S
√
(2S + 1)(2∆+ 1)
{
I P S
L J ∆
}
|(IP )S, L; Jmα〉 .
Here P = 1 is the so-called P -spin introduced in [6] to relate I and S for quark model states
transforming under the mixed symmetry representation of SU(4). For the p-wave states in
Table 1 one has L = 1. One can see that in general the tower states do not have well-defined
values of S and the relation (2.9) yields the following mixing matrices.
The sector (I, J) = (1
2
, 1
2
).
|I = 1
2
,∆ = 0; J =
1
2
〉 = − 1√
3
|I = 1
2
, S =
1
2
; J =
1
2
〉+
√
2
3
|I = 1
2
, S =
3
2
; J =
1
2
〉 (2.10)
|I = 1
2
,∆ = 1; J =
1
2
〉 =
√
2
3
|I = 1
2
, S =
1
2
; J =
1
2
〉+ 1√
3
|I = 1
2
, S =
3
2
; J =
1
2
〉 (2.11)
The sector (I, J) = (1
2
, 3
2
).
|I = 1
2
,∆ = 1; J =
3
2
〉 = − 1√
6
|I = 1
2
, S =
1
2
; J =
3
2
〉+
√
5
6
|I = 1
2
, S =
3
2
; J =
3
2
〉 (2.12)
|I = 1
2
,∆ = 2; J =
3
2
〉 =
√
5
6
|I = 1
2
, S =
1
2
; J =
3
2
〉+ 1√
6
|I = 1
2
, S =
3
2
; J =
3
2
〉 (2.13)
An examination of the mass spectrum of the I = 1
2
states in Table 1 suggests their
association into towers of states with the shown values of ∆. The relations (2.10-2.13)
give then a prediction for the mixing matrices of these states, which can be compared
with experimental data. Adopting the definitions of [12] the mixing of the N states is
parametrized as
N(1650) = cos θN1 |S =
3
2
〉 − sin θN1 |S =
1
2
〉 (2.14)
N(1535) = cos θN1 |S =
1
2
〉+ sin θN1 |S =
3
2
〉 (2.15)
and
N(1520) = cos θN3 |S =
1
2
〉+ sin θN3 |S =
3
2
〉 (2.16)
N(1700) = − sin θN3 |S =
1
2
〉+ cos θN3 |S =
3
2
〉 . (2.17)
We obtain from (2.10-2.13) the following predictions for the mixing angles θN1 = 0.615 , θN3 =
1.991. The fit of [12] to the strong decays of these states gave the results θN1 = 0.61± 0.09
and (θN3)fit 1 = 3.04 ± 0.15, (θN3)fit 2 = 2.60 ± 0.16. The result for θN1 is in excellent
agreement with the data. The disagreement on θN3 can probably be ascribed to finite-Nc
corrections. Indeed, due to the fictitious nature of the P -spin (which becomes apparent in
the fact that the states S = I = Nc/2 are forbidden), one expects the deviations from the
large-Nc mixing (2.9) to be largest for S, I approaching their maximal values Nc/2.
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The I = 1/2 states of the towers belong to SU(3) “octets” whose Young diagram is
shown in (2.7). There are five such octets, two with J = 1/2, two with J = 3/2 and one
with J = 5/2. The large-Nc mass spectrum of theK = 0 towers constrains therefore the mass
spectrum of these octets, which are predicted to be degenerate in pairs with J = (1/2, 3/2)
and J = (3/2, 5/2), corresponding to ∆ = 1 and 2 in the K = 0 sector respectively. This
is very different from the picture suggested by the quark model, where one expects these
octets to fall into two groups with J = (1/2, 3/2) and J = (1/2, 3/2, 5/2), corresponding to
the two values taken by the total quark spin S = 1/2, 3/2. One problem with the quark
model picture is the inversion of the two levels with J = 3/2 and J = 5/2, which is difficult
to understand by assuming a spin-orbit interaction alone [9,10].
The mixing of the octets with identical values of J can be predicted from the mixings
in the K = 0 sector (2.10-2.13). These relations can be extended to all the states in these
multiplets as
|8, J = 1
2
〉∆=0 = − 1√
3
|8, J = 1
2
〉S=1/2 +
√
2
3
|8, J = 1
2
〉S=3/2 (2.18)
|8, J = 1
2
〉∆=1 =
√
2
3
|8, J = 1
2
〉S=1/2 + 1√
3
|8, J = 1
2
〉S=3/2 (2.19)
and
|8, J = 3
2
〉∆=1 = − 1√
6
|8, J = 3
2
〉S=1/2 +
√
5
6
|8, J = 3
2
〉S=3/2 (2.20)
|8, J = 3
2
〉∆=2 =
√
5
6
|8, J = 3
2
〉S=1/2 + 1√
6
|8, J = 3
2
〉S=3/2 . (2.21)
The notation |8, J〉∆ does not imply that all the states of the 8 belong to a ∆-tower but
only labels the SU(3) representation in terms of its K = 0 members.
Unfortunately, no unambiguous tower assignments can be made for the excited I = 3
2
∆
baryons. Because of the small value of Nc in the real world the tower structure for I =
3
2
is incomplete. For example, instead of a total number of two states with (I, J) = (3
2
, 1
2
)
expected in the large-Nc limit, there is only one such state. To fill up all the I =
3
2
members
of the towers with ∆ = 0, 1, 2, additional states would be required with (I, S) = (3
2
, 3
2
), (3
2
, 5
2
),
which however do not appear for Nc = 3. This problem did not exist for s-wave baryons
and has as consequence an unfortunate loss of predictive power for the large-Nc expansion
when applied to the excited baryons.
B. K=1/2
The observed and expected p-wave baryons with one strange quark are listed in Table 2,
together with their quantum numbers. In the quark model these states are labelled by (I, S)
with S the total spin of the quarks in the baryon. As discussed above, physical states are in
general linear combinations of quark model states with different values of S. The large-Nc
expansion combined with SU(3) symmetry can be used to predict this mixing.
From the point of view of large-Nc QCD the observed K = 1/2 states fall into 7 towers of
states, three towers with ∆ = 1/2, three towers with ∆ = 3/2 and one tower with ∆ = 5/2.
6
Although the tower structure is complete only for the lowest value of the isospin I = 0,
we can use SU(3) symmetry to assign the Σ states in the octets well-defined values of ∆.
However, just as in the case of the I = 3/2 states in the K = 0 sector, this cannot be done
in an unambiguous way for the decuplet baryons. Therefore we cannot make predictions for
the couplings of these states.
States with the same quantum numbers will mix in the general case. We parametrize
this mixing in the I = 0 sector as in [12] in terms of six angles. For the J = 1/2 states we
introduce three angles θ1i with i = 1, 2, 3 as
 Λ(1670)Λ(1800)
Λ(1405)

 =

 c11c12 s11c12 s12−s11c13 − c11s13s12 c11c13 − s11s12s13 s13c12
s11s13 − c11c13s12 −c11s13 − s11c13s12 c13c12



 Λ11Λ31
Singlet11

 , (2.22)
with c11 = cos θ11 , s11 = sin θ11, etc.
The quark model states on the RHS are denoted as Λ2S,2J . In the SU(3) limit two of
the angles vanish θ12 = θ13 = 0, as there is no mixing between the singlet and octet. The
third angle θ11 can be determined by noting that some of the I = 0 states Λ belong to the
same SU(3) “octets” as the K = 0 states. Therefore (2.18-2.21) can be used to obtain their
relation to the quark model states with well-defined S and we find θ11 = 0.615.
State (I, JP ) ∆ (I, S) (SU(3), SU(2))
Λ(1405) (0, 1
2
−
) 1
2
(0, 1
2
) (1, 2)
Λ(1520) (0, 3
2
−
) 3
2
Λ(1670) (0, 1
2
−
) 1
2
(0, 1
2
) (8, 2)
Σ(1620) (1, 1
2
−
) (1, 1
2
)
Λ(1690) (0, 3
2
−
) 3
2
(0, 1
2
)
Σ(1670) (1, 3
2
−
) (1, 1
2
)
Λ(1800) (0, 1
2
−
) 1
2
(0, 3
2
) (8, 4)
Σ(1750) (1, 1
2
−
) (1, 3
2
)
Λ(?) (0, 3
2
−
) 3
2
(0, 3
2
)
Σ(?) (1, 3
2
−
) (1, 3
2
)
Λ(1830) (0, 5
2
−
) 5
2
(0, 3
2
)
Σ(1775) (1, 5
2
−
) (1, 3
2
)
Σ(?) (1, 1
2
−
) – (1, 1
2
) (10, 2)
Σ(?) (1, 3
2
−
) –
Table 2. The p-wave hyperons containing one strange quark and their quantum
numbers. (I, S) denote the usual quark model assignments of the states and ∆
gives their large-Nc tower assignment.
The sector J = 3/2 can be treated in an analogous way. The mixing of these states is
parametrized in terms of three angles θ3i defined as
 Λ(1690)Λ(?)
Λ(1520)

 = R(θ31, θ32, θ33)

 Λ13Λ33
Singlet13

 (2.23)
7
where the unitary matrix R is defined in analogy to the one in (2.22). We find for this case,
in the limit of SU(3) symmetry, θ31 = 1.991 , θ32 = θ33 = 0. Similar predictions can be made
in the limit of SU(3) symmetry for the mixing matrix of the Σ states.
The experimental situation with these angles is not very clear. The fit of [12] gave six
different possible solutions for the θ1i and four solutions for θ3i. The values taken by the
angles θi2, θi3 in these solutions do not come close to the SU(3) value (0), which can be
explained by a sizable violation of SU(3) symmetry. This implies in turn the existence
of similar large deviations from the SU(3)-based prediction for θi1. However, the large-Nc
predictions for decays of tower states to be presented in the next Section do not depend on
a precise knowledge of the mixing matrix.
III. STRONG DECAYS
Let us first recapitulate the results obtained in [6] for strong decays of excited baryons in
the large-Nc limit by assuming only isospin symmetry. Excited baryons can decay to s-wave
baryons through pion emission in S-wave and D-wave. The respective couplings are related
to matrix elements of the axial current taken between tower states (∆→ ∆′)
〈J ′I ′;m′, α′|q¯γ0γ51
2
τaq|JI;m,α〉 = Nκc 〈J ′I ′;m′, α′|Y a|JI;m,α〉 (3.1)
〈J ′I ′;m′, α′|q¯γiγ51
2
τaq|JI;m,α〉 = Nκc qj〈J ′I ′;m′, α′|Qij,a|JI;m,α〉 (3.2)
+ Nκc ǫijkq
j〈J ′I ′;m′, α′|Rk,a|JI;m,α〉
with qµ the momentum of the current. κ=0 for a decaying state transforming under the
mixed symmetry representation of SU(4). The operators Y a and Qij,a parametrize the S-
wave and D-wave pion couplings respectively. Their matrix elements are determined, at
leading order in Nc, by four reduced matrix elements c(∆
′,∆), c1−3(∆′,∆)
〈J ′I ′;m′, α′|Y a|JI;m,α〉 = c(∆′,∆)√2I + 1(−)I−J−∆′δJJ ′δmm′
{
I ′ 1 I
∆ J ∆′
}
〈I ′α′|I1;αa〉 (3.3)
〈J ′I ′;m′, α′|Qka|JI;m,α〉 = (−)J+I+J ′+I′
√
(2J + 1)(2I + 1) (3.4)
× ∑
y=1,2,3
cy(∆
′,∆)


∆′ I ′ J ′
∆ I J
y 1 2

 〈J ′m′|J2;mk〉〈I ′α′|I1;αa〉 .
In the following we will extend these results to the case of SU(3) symmetry. As explained
above, we will restrict our considerations to octet and singlet states. There are five octets
and two singlets, which will be represented by SU(3) tensors constructed as in [4].
The spin-1/2 octet whose K = 0 members belong to the ∆ = 0 tower will be represented
by the tensor (B1)ij1j2···jν with one upper and ν = (Nc−1)/2 lower indices. The two spin-1/2
and 3/2 octets whose K = 0 members belong to the ∆ = 1 tower are represented by the
tensors (B2)ij1j2···jν and (B3)ij1j2···jν respectively. Finally, the two spin-3/2 and 5/2 octets
whose K = 0 members belong to the ∆ = 2 tower will be assigned the tensors (B4)ij1j2···jν
and (B5)ij1j2···jν respectively.
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The spin-1/2 and 3/2 singlet baryons are each represented by a SU(3) tensor with ν − 1
lower indices (S1)j1j2···jν−1 and (S2)j1j2···jν−1. The nonvanishing components of these tensors
for the Λ states are S33···3 = 1. For Nc = 3 these tensors go over into SU(3) scalars, as they
should.
The s-wave baryons are represented by the usual octet tensor Bij1j2···jν (for the spin-1/2
baryons) and the decuplet tensor T i1i2i3j1j2···jν−1 (for the spin-3/2 baryons).
The couplings of the Goldstone bosons are described by interaction Lagrangians built
out of the SU(3) tensors introduced above. The part containing the S-wave couplings is
written in terms of seven SU(3) invariants M1,2 ,N1,2 ,L1,2 ,P1 as
LS =M1tr (B¯γµAµB1) +N1tr (B¯γµB1Aµ) (3.5)
+M2tr (B¯γµAµB2) +N2tr (B¯γµB2Aµ)
+ L1tr (T¯µγνAνBµ3 ) + L2tr (T¯µγνAνBµ4 )
+ P1tr (B¯γµAµS1) .
The nonlinear axial current field Aµ is defined by Aµ = i/2(ξ
†∂µξ − ξ∂µξ†) with ξ =
exp(iM/fpi) and fpi = 132 MeV. The matrix M contains the Goldstone boson fields and
is given by M = 1√
2
πaλa.
The D-wave couplings of the Goldstone bosons are described by an analogous Lagrangian
containing twelve SU(3) invariants
LD = mBM3tr (B¯Aµγ5Bµ3 ) +mBN3tr (B¯γ5Bµ3Aµ) (3.6)
+ mBM4tr (B¯Aµγ5Bµ4 ) +mBN4tr (B¯γ5Bµ4Aµ)
+M5tr (B¯(DµAν +DνAµ)Bµν5 ) +N5tr (B¯Bµν5 (DµAν +DνAµ))
+ mTL3tr (T¯µAµγ5B1) +mTL4tr (T¯µAµγ5B2)
+ iL5tr (T¯ µ(DµAν +DνAµ + t.t.)Bν3 ) + iL6tr (T¯ µ(DµAν +DνAµ + t.t.)Bν4 )
+ L7iεαβγδtr (T¯ α(DρAβ +DβAρ)vγBδρ5 ) +mBP2tr (B¯γ5AµSµ2 ) .
We extracted factors of mB, mT in the definition of some couplings such that their expansion
in powers of 1/Nc starts with a term of O(1). The form of the trace terms “t.t.”, needed to
project out a pure D-wave, is given in the Appendix. In these expressions only the Lorentz
indices are written explicitly. The traces over the SU(3) indices have the following form:
a) octet-octet coupling
tr (B¯AB1) = B¯b1b2···bνa Aac (B1)cb1b2···bν , tr (B¯B1A) = B¯cb2···bνa (B1)adb2···bνAdc
b) octet-decuplet coupling
tr (T¯ AB1) = εαβγT¯ b1b2···bν−1αµν Aµβ(B1)νγb1b2···bν−1
c) octet-singlet coupling
tr (B¯AS) = B¯b1b2···bνa Aab1Sb2···bν .
The interplay of the large-Nc predictions (3.3,3.4) with the SU(3) symmetry leads to
significant simplifications in the structure of the Lagrangian (3.5,3.6). Thus, the S-wave
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pion couplings of the excited baryon octets to ground state baryons are described in this
limit by just one common reduced matrix element (instead of five, assuming only isospin
invariance) and in the D-wave sector only two independent couplings are required (instead
of seven).
These additional relations can be derived by writing representative transition amplitudes
in two alternative ways, using the SU(3) and SU(2) relations respectively. We obtain in this
way the following model-independent predictions for the S-wave couplings
M1 = O(1/Nc) (3.7)
M2
L1 = −
2√
3
+O(1/Nc) (3.8)
L2 = O(1/Nc) (3.9)
and for the D-wave couplings
L3 = O(1/Nc) (3.10)
M3
L5 = −
8
3
+O(1/Nc) (3.11)
M3
L4 = −
2√
3
+O(1/Nc) (3.12)
M4
L6 = −
4
3
+O(1/Nc) (3.13)
M4
L7 = 4
√
2
5
+O(1/Nc) (3.14)
M5
L7 = −
2
3
+O(1/Nc) . (3.15)
The N parameters in the Lagrangians (3.5,3.6) contribute to the pion couplings only to
subleading order (although they contribute to the same order asM to the kaon couplings).
Therefore, in order to obtain information about them, knowledge of the pion couplings
to next-to-leading order in 1/Nc is required. This will have to be obtained from model
calculations.
In practice the 1/Nc corrections to the predictions (3.7-3.9), (3.10-3.15) can be sizable.
In the following we compare these predictions against available experimental data on strong
decays of these states. To avoid additional complications related to SU(3) breaking effects
and a more complex mixing structure, we will restrict ourselves to pion decays of nonstrange
excited baryons.
The relation (3.8) between S-wave amplitudes can be tested by examining the ratio of
decay widths
(R1)th =
Γ(N(1535)→ [Nπ])
Γ(N(1520)→ [∆π]S) = 5.227
M22
L21
= 6.969 . (3.16)
We used on the RHS the theoretical expression for the widths together with the coupling
ratio (3.8). The experimental value of this ratio is [13]
(R1)exp = 6.625
+18.35
−4.46 . (3.17)
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Not all relations for S-wave couplings work as well. For example, one expects from (3.7) the
couplingM1 to be suppressed by 1/Nc relative toM2. However, the corresponding ratio of
decay widths
(R2)th =
Γ(N(1650)→ [Nπ])
Γ(N(1535)→ [Nπ]) = 1.58
M21
M22
(3.18)
takes the experimental value (R2)exp = 0.58−4.88, which is at least a factor of 4 larger than
the one obtained with the naive estimate M21/M22 ≃ 0.1.
The situation with the prediction (3.9) is less clear, as the PDG does not quote branching
ratios for the decay mode N(1700) → [∆π]S,D. The S-wave mode appears however to be
suppressed in comparison to theD-wave one [11], in agreement with the large-Nc expectation
from (3.9).
This analysis can be extended to the D-wave couplings. The following ratios of decay
widths can be used to test (3.11), (3.12), (3.14) and (3.15).
(R3)th =
Γ(N(1520)→ [Nπ]D)
Γ(N(1520)→ [∆π]D) = 2.151
M23
L25
= 15.30 , (R3)exp = 3.57− 6.01 (3.19)
(R4)th =
Γ(N(1520)→ [Nπ]D)
Γ(N(1535)→ [∆π]D) = 4.216
M23
L24
= 5.62 , (R4)exp ≥ 4.4 (3.20)
(R5)th =
Γ(N(1675)→ [Nπ]D)
Γ(N(1675)→ [∆π]D) = 4.595
M25
L27
= 2.042 , (R5)exp = 0.66− 1.00 (3.21)
(R6)th =
Γ(N(1700)→ [Nπ]D)
Γ(N(1675)→ [∆π]D) = 0.883
M24
L27
= 5.651 , (R6)exp = 0.055− 0.2 . (3.22)
We do not present a comparison with data for the ratio (3.13) because of the lack of data
on N(1700)→ [∆π]D.
The deviations of these ratios from the large-Nc predictions can be understood partly as
a consequence of the finite value of Nc and partly because of the sensitivity of these ratios to
the precise value of the mixing angle θN3 . We will use in the following the quark model with
Nc = 3 to illustrate the importance of the 1/Nc corrections. The couplings of the N
∗ states
are related in the quark model to the reduced matrix elements T (I ′, SI) introduced in [6].
Their explicit formulas for arbitrary Nc are (normalized to (3.50) of [6] in the large-Nc limit)
T (1
2
,
1
2
1
2
) = −2
√
2
3
√√√√(Nc − 1)(Nc + 3)
Nc(Nc + 2)
I , T (1
2
,
3
2
1
2
) = −2
3
√
Nc − 1
Nc + 2
I , (3.23)
T (3
2
,
1
2
1
2
) =
2
3
√√√√(Nc + 3)(Nc + 5)
Nc(Nc + 2)
I , T (3
2
,
3
2
1
2
) = −2
3
√
5
√
Nc + 5
Nc + 2
I
with I a common overlap integral. We obtain for example for the ratio (3.8) of the S-wave
couplings
M2
L1 = −2
√
2
3
T (1
2
, 1
2
1
2
) cos θN1 + T (12 , 32 12) sin θN1
T (3
2
, 1
2
1
2
) cos θN3 + T (32 , 32 12) sin θN3
. (3.24)
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In the large-Nc limit and for the mixing angles given in Sec.II.A the value of this ratio
reduces to (3.8). For Nc = 3 it gives [7,8]
M2
L1 =
√
2
3
2 cos θN1 + sin θN1√
2 cos θN3 −
√
5 sin θN3
(3.25)
= −0.689(θN3 = 1.991) , −0.763(θN3 = 2.6) , −1.105(θN3 = 3.04) .
The numerical values shown are computed with the large-Nc value for θN1 = 0.615 which
was seen to agree well with the experimental one. For the largest value of θN3 = 3.04, the
ratio (3.25) predicts (R1)th = 6.382 which is in good agreement with the experimental value
(3.17).
The ratio M1/M2 depends only on the angle θN1 and is given by
M1
M2 =
−T (1
2
, 1
2
1
2
) sin θN1 + T (12 , 32 12) cos θN1
T (1
2
, 1
2
1
2
) cos θN1 + T (12 , 32 12) sin θN1
(3.26)
→ −2 sin θN1 − cos θN1
2 cos θN1 + sin θN1
= (−0.056)− (−0.241) , (Nc = 3) .
In the last line we used the experimental value θN1 = 0.61± 0.09 [12]. This yields in turn a
result for the ratio (3.18) (R2)th = 0.005−0.092, which is still smaller than the experimental
value (R2)exp = 0.58− 4.88. We will return later to a discussion of this discrepancy.
Similar results are obtained for the ratios of D-wave couplings. For example, we get
M3
L5 = −
4
3
2
√
5T (1
2
, 1
2
1
2
) cos θN3 −
√
2T (1
2
, 3
2
1
2
) sin θN3√
5
2
T (3
2
, 1
2
1
2
) cos θN3 − 2
√
2
5
T (3
2
, 3
2
1
2
) sin θN3
. (3.27)
Taking in this expression Nc = 3 gives
M3
L5 = −
4
3
−2√10 cos θN3 + sin θN3√
10 cos θN3 + 4 sin θN3
(3.28)
= −1.972(θN3 = 1.991) , 12.217(θN3 = 2.6) , 2.493− 4.112(θN3 = 3.04± 0.15) .
This ratio is particularly sensitive to the mixing angle θN3 as the physical value of this angle
lies in the vecinity of 2.47, where the denominator vanishes. The ratio R3 corresponding to
θN3 = 3.04 ± 0.15 is still larger by about a factor of 2 than the experimental value (3.19).
Similar large values for R3 appear to be predicted also in other quark model calculations
[12].
The ratio (3.15) of the couplings of the JP = 5/2− state is given in the quark model by
M5
L7 = −
2
3
√
5
T (1
2
, 3
2
1
2
)
T (3
2
, 3
2
1
2
)
= −2
3
√
Nc − 1
Nc + 5
. (3.29)
For Nc = 3 this implies (R5)th = 0.510 which is in reasonable agreement (although somewhat
smaller) with the experimental result (3.21).
Finally, the ratio (3.14) is given by
12
M4
L7 =
8
3
√
3
√
10T (1
2
, 1
2
1
2
) sin θN3 + T (12 , 32 12) cos θN3
T (3
2
, 3
2
1
2
)
(3.30)
which for Nc = 3 reduces to
M4
L7 =
4
3
√
15
(cos θN3 + 2
√
10 sin θN3) = 1.847(θN3 = 1.991) , (3.31)
0.491− 1.142(θN3 = 2.6± 0.16) , (−0.449)− (0.209)(θN3 = 3.04± 0.15) .
For θN3 = 3.04 ± 0.15 this gives (R6)th = 0.038 − 0.178 which is in agreement with the
experimental value (3.22).
Perhaps the most puzzling disagreement between the large-Nc predictions and exper-
iment concerns the large experimental value of the ratio R2 (3.18). Among the possible
explanations for this disagreement, we can mention: a) wrong assignments of the ∆ quan-
tum numbers for the S11 states; b) a large deviation of the mixing angle θN1 from its predicted
value θN1 = 0.615; c) the presence of a third S11 state in the region around 1.6 GeV. The first
possibility entails assigning ∆ = 1 to N(1650) and ∆ = 0 to N(1535), which results into the
prediction θN1 = −0.955. This would give in turn a value for the ratio (3.18) (R2)th = 67.47
which is almost a factor of 5 larger than the one obtained with the dimensional estimate
M1/M2 ≃ Nc = 3. The second alternative b) requires the angle θN1 to be of the order
of −0.08 or 1.04. Furthermore, the large splitting between the members of the ∆ = 1
tower in the case a) together with the large disagreement in the value of θN1 with other
determinations [12] combine to make these two possible explanations rather unattractive.
Recent analyses of the πN scattering data [14] show evidence for a new JP = 1/2− state
with a mass of 1712 MeV. Since its mass is very close to that of N(1650), it is possible that
the data quoted by the PDG [13] referring to the latter in fact cummulates over the decays
of both states. It is interesting to note that the new state has a small branching ratio for
decays into the Nπ mode, of about 20% [14], which fits the large-Nc prediction for the ∆ = 0
state. It is tempting therefore to identify this state with the J = 1/2 member of the ∆ = 0
tower. It is not yet clear what the quark model interpretation of each of the three S11 states
is (for example, in [15] it is proposed to interpret one of them as a bound state ΣK, see also
[16]). Further investigation of these states is required to help settle this apparent puzzle of
the large-Nc expansion.
CONCLUSIONS
We have analyzed in this paper the phenomenological consequences of the large-Nc ex-
pansion for the L = 1 orbitally excited baryons, following from the formalism described in
[6]. These states are organized into towers of states, whose couplings to the ground state
baryons are related in a simple way. In the large-Nc limit the members of a given tower are
degenerate, which yields constraints on the masses of these states which are distinct from
those of the quark model with SU(6) symmetry. Quite remarkably, the mixing angles of
the five octets of L = 1 excited baryons are completely predicted in the combined large-Nc
and SU(3) limits. Unfortunately, because of the small value of the Nc parameter in the
real world, we cannot accomodate the decuplet states into the picture suggested by large-Nc
QCD. Despite these shortcomings, we believe that this approach could be used (much in the
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same way as done in [17] for the ground state baryons) as the starting point for a systematic
study of the 1/Nc and SU(3) breaking corrections for these states.
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APPENDIX A:
We present in this Appendix the partial wave decomposition for the decay 3/2− →
(3/2+, 0−) which can proceed through both S- and D-wave. The invariant transition matrix
element is decomposed as
M = u¯µ(p′)
{
cD
(
qµqν + 2~q
2 m
2
P
m2P + 4mPmS +m
2
S − q2
gµν
)
(A1)
+cS
(
gµν +
2
(mS +mP )2 − q2 qµqν
)}
uν(p) ,
with ~q the pion 3-momentum in the rest frame of the decaying particle. The masses of the
initial and final particles are denoted as mP and mS respectively. The partial decay widths
are given by
ΓS =
1
8π
c2S
(mS +mP )
2 − q2
m2P
|~q | (A2)
ΓD =
1
2π
c2D
m2P [(mS +mP )
2 − q2]
(m2P + 4mPmS +m
2
S − q2)2
|~q |5 . (A3)
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